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Abstract—Electromagnetic design of a 1.12-MW, 18,000-rpm 
high-speed permanent-magnet motor (HSPMM) is carried out 
based on the analysis of pole number, stator slot number, rotor 
outer diameter, air gap length, permanent magnet (PM) material, 
thickness and pole arc. The no-load and full-load performance of 
the HSPMM is investigated in this paper by using 2-D finite 
element method (FEM). In addition, the power losses in the 
HSPMM including core loss, winding loss, rotor eddy current 
loss and air friction loss are predicted. Based on the analysis, a 
prototype motor is manufactured and experimentally tested to 
verify the machine design. 
 
Index Terms—Electromagnetic design, finite element method, 
high speed, loss calculation, permanent magnet motors. 
I. INTRODUCTION 
n recent years, high-speed permanent-magnet motors 
(HSPMMs) are gaining in popularity in industry due to their 
high power density, low weight and high efficiency [1]-[3]. 
They are employed in applications such as compressors, motor 
tools, gas turbines, flywheels, centrifuges, and vacuum pumps 
[4]-[6]. In conventional compressor systems, a gearbox is 
often used, which increases noise and reduces the system 
efficiency. In the air compressor applications, the HSPMM is 
directly attached to the motor shaft so that the gearbox is 
eliminated. However, in industry, there are increasing 
demands for cutting-edge technologies involving improved 
materials, rotor strength, electromagnetic design, loss 
calculations and heat dissipation, rotor dynamics, detection 
technology and automatic control systems [7]-[9]. High-power 
high-speed motors pose some technical challenges owing to 
strong thermal and mechanical constraints that limit their 
maximum power and speed. The maximum power in air 
compressor applications at the speed range of 20,000-100,000 
rpm is presently limited to 1.5 MW [10]. The estimated 
maximum power of the high-speed PM motors for compressor 
applications is 1.5 MW at 20,000 rpm based on thermal and 
mechanical constraints [11][12]. Therefore, the optimized 
design of HSPMMs for a target industrial application is a 
comprehensive process which generally involves 
multi-physical coupled analysis (e.g. electrical, thermal, and 
mechanical constraints should be simultaneously implemented) 
[13][14]. As a key part of multiphysics design, a proper 
electromagnetic design should lead to low overall losses and 
excellent electromagnetic performance. It should also aid in 
other designs such as rotor strength and cooling system. 
However, effective heat dissipation for high-power HSPMMs 
becomes of critical importance due to their high losses within 
a compact motor frame [15][16]. 
In this paper, a 1.12-MW, 18,000-rpm HSPMM is designed 
for compressor applications. The effects of pole number, stator 
slot number, rotor outer diameter, air gap length, PM material 
and magnetization directions on electromagnetic performance 
of the HSPMM are analyzed. The performance in terms of 
air-gap flux density, induced emf, full-load torque and 
full-load current is extensively investigated using 2-D 
finite-element method (FEM). In addition, the power losses in 
the HSPMM including core iron loss, stator winding loss, rotor 
eddy current loss and air friction loss are predicted numerically. 
Then a prototype HSPMM is manufactured and 
experimentally tested on at no-load and full-load.  An 
experimental platform is set up and test results have validated 
numerical models and the effectiveness of the HSPMM 
design. 
II. DESIGN CONSIDERATIONS OF THE HSPMM 
For the HSPMM, the centrifugal force of the rotor surface 
at high-speed rotation is expressed as [17] 
2
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where  is the density of rotor material, Ar is the 
cross-sectional area of the rotor，D is the outer diameter of the 
rotor,  is the angular speed of the rotor. 
The centrifugal stress on the rotor surface is given by [17]： 
2
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where is the line velocity at the rotor outer surface. For a 
given material, this centrifugal stress should be less than its 
mechanical strength with a safety margin, as in Eq. 3 [18]. 
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where [] is the yield stress of the rotor material, and S is the 
safety factor. 
The maximum line velocity on the rotor surface (vmax) is 
given by [18],  
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The maximum rotor diameter (Dmax) can be expressed as  
max
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2v
D
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                 (5) 
The rotor outer diameter D should be less than Dmax, and the 
inner diameter of the stator is 
 aD D                   (6) 
where  is the air gap. The stack length (La) can be found by 
[19], 
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where p’ is the apparent power, ap is the pole arc coefficient, 
KNm is the air-gap flux factor, Kdp is the stator winding factor, 
A is the electric loading, B is the air-gap flux density, nN is the 
rated speed. 
For motor, the apparent power can be expressed as [19] 
'
cos
N
N N E
p
p mE I K
 
           (8) 
 
N
E
N
E
K
U
                  (9) 
where m is the number of phases, EN is the induced emf at 
full-load, IN is the rated current, PN is the rated power,  is the 
rated efficiency, cos is the power factor, KE is the ratio of EN 
over UN. In order to obtain the initial size of the motor, KE can 
be estimated by the empirical method. 
For sizing the HSPMM, it should take account of pole 
number, stator slot number, rotor outer diameter, axial length, 
air-gap length, PM material and magnetization orientation. 
A. Pole Number  
For high-speed motors, a 2-pole or 4-pole rotor structure is 
commonly chosen for HSPMMs. The motor with a 2-pole rotor 
structure can have a better utilization of PMs and lower power 
losses than a 4-pole counterpart [1]. However, the disadvantage 
lies in the stator’s end-windings. Different designs using 2-pole 
and 4-pole rotor structures are shown in Table I for comparison. 
Cases 1 and 2 use a 2-pole structure while case 3 uses a 4-pole 
structure. As can be seen from this table, the coil half-turn 
length of cases 1 and 2 are 1303 and 1222 mm, respectively, 
which are much greater than case 3. Long end-windings induce 
extra power losses and also impact on the rotor dynamics. As a 
result, a 4-pole structure is adopted for the HSPMM. 
TABLE I  
DESIGNS WITH DIFFERENT POLES FROM FEM 
Design case 1 2 3 
Pole number 2 2 4 
Stack length (mm) 600 490 420 
Number of conductors per slot 6 8 6 
Coil half-turn length (mm) 1303 1222 870 
B. Stator Slot Number  
The stator slot number affects cogging torque and 
associated power losses. Table II shows the cogging torque and 
PM eddy current loss in the HSPMM in relation to the number 
of stator slots. From Table II, the cogging torque is reduced 
significantly as the stator slot number increases. Especially, the 
use of 27 slots leads to fractional slot windings which in turn 
can effectively reduce the cogging torque. Similarly, the PM 
eddy current loss is reduced significantly with the stator slot 
number. Therefore, a multi-slot stator structure with 27 slots is 
adopted for the HSPMM. 
TABLE II 
 COGGING TORQUE AND PM EDDY CURRENT LOSS WITH STATOR SLOT 
NUMBERS FROM FEM 
Stator slot number 12 24 27 36 
Cogging torque (Nm) 146 31 0.5 16 
PM eddy current loss (kW) 35 2.6 1.2 0.4 
C. Rotor Outer Diameter and Axial Length 
The rotor dimension is also among important parameters in 
the machine design. Table III shows the PM eddy current loss 
and axial length versus different rotor outer diameters. During 
the numerical study, the output power and no-load emf are kept 
identical. When the rotor outer diameter is set to 196 mm, the 
PM eddy current loss is about 4300 W and the axial length is 
430 mm. For the diameter of 166 mm, the PM eddy current loss 
is about 1250 W and the axial length is 600 mm. Clearly, a 
larger rotor outer diameter will result in a greater PM eddy 
current loss and a greater centrifugal force. Therefore, there is a 
balance to strike between the rotor outer diameter and the rotor 
axial length. 
TABLE III 
 AXIAL LENGTH AND PM EDDY CURRENT LOSS WITH ROTOR OUTER 
DIAMETERS FROM FEM 
Rotor outer diameter (mm) 166 176 186 196 
Axial length (mm) 600 535 480 430 
PM eddy current loss (W) 1250 1860 2910 4300 
D. Air-Gap Length 
Table IV shows the rotor eddy current loss and cogging 
torque as a function of the air-gap length. It is found that the 
cogging torque and PM eddy current loss decrease as the 
airgap length increases. Since 27 stator slots are used, the 
reduction in an already small cogging torque is unnecessary. 
When the air-gap length is 1 mm, the PM eddy current loss is 
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4.2 kW. If it increases to 4 mm, the PM eddy current loss is 
less than 1 kW. Clearly, a greater air-gap length can 
significantly mitigate the rotor eddy current loss. In order to 
meet electromagnetic specifications and rotor safety 
requirements, the use of PMs and a retaining sleeve is a 
prerequisite, which adversely impacts on heat dissipation. 
Therefore, a 3-mm air-gap length is chosen for the HSPMM. 
TABLE IV  
COGGING TORQUE AND PM EDDY CURRENT LOSS WITH AIR-GAP LENGTHS 
FROM FEM 
Air-gap length (mm) 1 2 3 4 
PM eddy current loss (W) 4200 2320 1250 750 
Cogging torque (Nm) 2.8 1.6 1.1 0.8 
E. PM Materials, thickness and pole arc  
In the PM motor design, sintered NdFeB and SmCo are 
usually used for various applications. By comparison, the 
tensile strength of NdFeB (80MPa) is much higher but its 
maximum withstand temperature (150oC) is much lower than 
SmCo (30MPa and 350oC). Carbon fiber is commonly used in 
the retaining sleeve owing to its light weight and high strength 
(1200MPa). The stress curve of PM with carbon fiber thickness 
at 150oC is shown in Fig. 1. The simulation results are obtained 
by the 3D FEM based on the 4-pole PM structure. It is seen 
from Fig. 1, the minimal retaining sleeve thickness for SmCo 
protection is close to 30mm, which is about four times of the 
length required for NdFeB. As a rule of thumb, the maximum 
stress of PMs and retaining sleeve at rated speed should not 
exceed 0.8 times the tensile strength of the materials in order to 
maintain the rotor’s integrity. Therefore NdFeB is selected as 
the PM material. 
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Fig. 1. PM stress with sleeve thickness at 150oC. 
 
The thickness of PM and pole arc coefficient are important 
parameters for motor design. Initial values can be estimated by 
[20]  
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where hm is the thickness of PMs, ks is the saturation 
coefficient of stator iron, k is the saturation coefficient of 
air-gap, B is the air-gap flux density,  is the air-gap length, 
0 is the permeability of air, Hc is the coercive force of PMs. 
Am is the PM area under one pole,  is the leakage coefficient, 
A is the air-gap area under one pole, Br is the magnetic flux 
density of PMs, rm is the equivalent radius of PMs, ap is the 
pole arc coefficient, P is the pole number. 
The motor Performance with different PM thickness and 
pole arc coefficient are tabulated in Tables V and VI, 
respectively. It can be seen from Table V that a greater PM 
thickness increases air-gap flux density and power factor, so as 
a larger PM stress, which will affect the mechanical integrity 
of the rotor. Therefore, there is a balance to strike between 
air-gap flux density and mechanical strength of the rotor. 
In Table VI, PM loss, cogging torque and no-load current 
gradually increase with the pole arc coefficient. That is, more 
harmonics are generated with larger pole arc coefficient. 
Nonetheless, a smaller coefficient will lead to a lower 
magnetic flux and a greater stack length to maintain the same 
no-load emf.  
TABLE V 
 MOTOR PERFORMANCE WITH PM THICKNESS  
hm (mm) 15 16 17 18 19 20 
B (T) 0.49
 0.503 0.514 0.523 0.532 0.534 
Power Factor 0.95 0.96 0.975 0.985 0.99 0.99 
PM Stress (MPa) 60 63 65 69 72 75 
TABLE VI  
MOTOR PERFORMANCE WITH POLE ARC COEFFICIENT 
Pole Arc Coefficient 0.7 0.75 0.8 0.9 1 
PM loss(W) 1050 1120 1174 1268 1340 
Cogging torque(Nm) 0.4 0.6 0.94 2.23 3.6 
No-load current(A) 6 17 31 46 58 
Stack length (mm) 413 400 390 381 374 
F. Electromagnetic Analysis of the HSPMM    
 
Fig. 2. The structure of the HSPMM. 
 
Based on analytical and numerical studies on the design 
parameters, the motor dimension is finalized, as shown in Fig. 2 
and as tabulated in Table V. Since the supply voltage is 3 kV, 
the dispersion of the stator winding does not apply in high 
voltage. Thus form-wound windings with double layers are 
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used in the HSPMM. Ventilation grooves are created in the 
stator slots to improve heat dissipation. Radially-magnetized 
NdFeB PMs are mounted on the rotor surface. The PM in each 
pole is divided into three segments in the circumferential 
direction. The gaps between poles are filled with non-magnetic 
non-conductive plastics to reduce the bending stress. Carbon 
steel is used as the rotor core and carbon fiber is employed in 
the retaining sleeve to improve the rotor integrity. 
TABLE VII  
MAIN PARAMETERS OF THE HSPMM 
Rated power (kW) 1120 Rated speed (rpm) 18,000 
Rated voltage (V) 3000 Rated current (A) 234 
Frequency (Hz) 600 Rated torque (Nm) 594 
Pole number 4 Air gap (mm) 3 
Stator slots 27 Stator OD (mm) 550 
Stack length (mm) 400 Pole arc coefficient 0.75 
Permanent magnet NdFeB Retaining sleeve Carbon fiber 
III. NUMERICAL ANALYSIS OF MOTOR PERFORMANCE 
By using Ansys Maxwell, the performance under no load 
condition and full load condition are analyzed. Fig. 3 presents 
the induced back emf in the three-phase stator windings at 
no-load operation, which reads 2.91 kV. Full-load 
characteristics analyzed by 2D FEM are shown in Figs. 4-5. 
The electromagnetic torque has an average of 598 Nm, which 
is very close to the rated value. Fig. 5 demonstrates the phase 
current waveforms at full load. Its rms value is 224A, again, 
very close to the rated as well. From these simulation results, 
it can be seen that, the predicted performance of the motor has 
satisfied the specifications of the motor. 
 
 
Fig. 3. The induced emf at no load condition. 
 
 
Fig. 4. The torque at full load condition. 
 
 
Fig. 5. The current at full load condition. 
IV. LOSS AND TEMPERATURE CALCULATION OF THE HSPMM 
A. Iron Loss 
During the high speed operation, the motor’s core loss will 
be the dominant power loss in the motor. From the classic 
Bertotti loss separation model, the iron loss under sinusoidal 
flux conditions can be computed by [21] 
2 2 1.5 1.5     
Fe h c e
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       (13) 
where Pfe, Ph, Pc and Pe denote the core loss, hysteresis loss, 
classical eddy current loss, and additional eddy current loss; Kh, 
Kc and Ke are their coefficients, respectively; f is the 
fundamental frequency of the magnetic field; Bm is the flux 
density amplitude. Obviously, the rotational magnetic field is 
neglected in the classic model. The rotating magnetic field and 
alternating magnetic field simultaneously exist in the stator 
core. 
In recent years, an orthogonal decomposition model with 
variable coefficients considering rotating magnetization is 
gaining in popularity [22]. This is presented in the following 
equation. 
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where k represents the order of harmonics, Br(t) and Bθ(t) are 
normal and tangential components of the stator magnetic field, 
respectively. Bkmaj and Bkmin represent the major axis and minor 
axis of k order the harmonic ellipse magnetic field.  
As for the iron material, silicon steel sheets (B20AT1500) 
with 0.2-mm thickness are used to stack the stator core and its 
saturation field is greater than 1.8 T. 
The measured core loss at different frequencies with a 1-kg 
core mass is shown in Fig. 6 for comparison. From Fig. 6, the 
core loss increases significantly with frequency. The loss 
coefficients (Kh, Kc, Ke, ) obtained from the least squares 
method are listed in Table VIII. 
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Fig. 6. Measured core loss of different frequencies. 
 
TABLE VIII  
CORE LOSS COEFFICIENTS 
Kh 0.022 
  1.83 
Kc 3.34×10
-5 
Ke 9.55×10
-6 
The core loss is calculated via Ansys Maxwell and two 
analytical models based of the 2-D transient field simulation. 
The results are presented in Fig.7. The total core loss and 
classical eddy current loss based on the decomposition model 
are 1580 W and 1223 W, respectively, both greater than these 
by classical Bertotti loss model. The skin effect and rotational 
magnetization impact on the iron loss and are needed to 
consider in the calculation of iron loss for high-speed motors. 
 
Fig. 7. Core loss results with the two different methods. 
B. Stator Winding Loss 
The total winding loss consists of conductor copper loss, and 
additional loss caused by skin effect and proximity effect. For 
the round wires, when the radius is equal to or smaller than the 
skin depth at the operating frequency, the AC resistance tends 
to be close to the direct current (DC) resistance [23]. However, 
for form-wound windings, the AC copper loss at high 
frequency due to the skin and proximity effects is much higher 
than low frequency [23]. For the developed HSPMM, the rated 
frequency is 600 Hz. The high-frequency copper loss is 
calculated from FEM –based eddy current field simulation in 
Ansys Maxwell. All flat wires in form-wound windings of the 
stator slots are established as shown in Fig. 8. The skin effect 
and proximity effect become severe at high frequency, as 
shown in Fig. 9.  
 
Fig. 8. Finite element model for predicting stator winding loss. 
 
 
Fig. 9. Stator winding loss at different frequencies. 
 
The winding loss as a function of frequency can be 
obtained by curve fitting. That is 
2.0360.001367ac dcp f p           (15) 
After removing the DC component, the addition winding 
loss is found by: 
2.0360.001367adp f             (16) 
This is 3.9 W at 50 Hz and 1753W for all frequency 
spectrum. Clearly, the additional winding loss increases 
significantly with frequency. The ratio of Pac to Pdc is also 
plotted in Fig. 9. It can be observed that the total winding loss 
is about 1.3 times of the winding DC loss at 500 Hz and this 
reaches 5 times at 2 kHz. 
C. Rotor Eddy Current Loss 
The rotor eddy current loss is calculated with the 2-D 
time-stepping FE method in Ansys Maxwell at the rated 
condition. The influence of carbon fiber retaining sleeves on 
the rotor eddy current loss is calculated and shown in Fig. 10. 
The conductivity of carbon fiber is less than 5104S/m, and the 
conductivity of PMs is about 6.29105S/m. For low power 
high-speed PM motor, the influence of carbon fiber electrical 
conductivity on rotor total loss is very small and can be 
ignored. As a result, for MW high-speed PM motor, the sleeve 
loss is about same with PM loss when the carbon fiber 
conductivity is 1.5104 S/m. The sleeve loss is 2 times of PM 
loss at 3104 S/m and it is about 3.3 times at 5104 S/m. It can 
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be said that conductivity of carbon fiber has a great impact on 
the rotor losses for MW high-speed PM motor. 
 
Fig. 10. Rotor eddy loss with varying carbon fiber conductivity. 
D. Air Friction Loss 
Air friction loss is usually calculated by the following 
empirical equation [24] 
3 4
fair ap KC r L              (17) 
where 
0.38
2
e
f
e e
e
a
ea
32R0.0152
1
R 7 R
R
2
R
aC
r
v
 

 

 

            







         (18) 
where  is the air density,  is the angular velocity, La is the 
stack length and r is the rotor radius, Cf is the friction 
coefficient of air，Re and Rea are the tangential Reynolds 
number and the axial Reynolds number, respectively,  is the 
air-gap length, a is the average axial velocity and  is the air’s 
dynamic viscosity. 
Alternatively, an FEM-based fluid field in Ansys CFX is 
developed to calculate the air friction loss [24]. The losses 
calculated by analytical and FEM methods are presented in Fig. 
11.  
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Fig. 11. The predicted air friction losses by the two different methods. 
 
The predicted losses from the FEM are generally greater 
than the analytical ones, especially at high speeds. The 
relationship between the loss and speed can be obtained by 
curve fitting. That is 
2.69
1airp k n                (19) 
where, k1 is the air friction coefficient, n is the speed.  
E. Temperature Analysis of HSPMM 
In order to remove the generated heat in the rotor, a 
cooling system is designed to utlize both air and water 
cooling. The cooling air path is set in the stator slot, and a 
cooling water loop  in the stator housing. The machine 
temperatures under rated load are calculated using the 
fluid-solid coupling method in Ansys CFX. The machine 
temperature distributions have been shown in reference 
[25]. The maximum temperatures of the PM rotor is about 
145oC and it is much lower than the critical temeprature of 
PM (about 180oC). The temperatures of the windings and 
stator core are about 76oC and 70oC. The temperature of 
the end-winding (about 69oC) is lower than the middle of 
the winding because of better ventilation at the location.  
V. EXPERIMENTAL TESTS AND RESULT ANALYSIS 
Based on the electromagnetic design, the HSPMM is 
prototyped and experimental tested. The stator, rotor and shell 
are shown in Fig. 12 and experimental test facilities are shown 
in Fig. 13 [26]. In Fig. 13(a), no-load motor tests are carried 
out to verify the motor design. Experimental loads test is 
carried out, as shown in Fig. 13(b). Test results are presented 
in Figs. 14-16, Table IX. 
No-load emf voltage is an important indicator for motor tests. 
In order to get the performance at different speeds, the HSPMM 
is driven by an induction motor through a gearbox. Fig. 14 
presents the induced line voltage at different speeds by FEM 
and measured results for comparison. At no-load condition, the 
open-circuit induced line voltage at rated speed measures 2.91 
kV, which is nearly the same as the designed rated voltage. 
Clearly, a good agreement can be found between prediction and 
measurements in Fig. 14. 
The no-load phase currents against speeds (3,000-18,000 
rpm) running as a motor are measured by Fig. 13(a). The 
measured no-load current against speed is plotted in Fig. 15. It 
is shown that the no-load phase current is 21 A at the rated 
speed, which reasonably agrees with the simulation (17 A). 
At load tests, the HSPMM drives a MW induction machine 
through a gearbox. The prototype and load (an induction 
machine) are controlled by two inverters. The speed of the 
prototype and load machine can be regulated by the PWM 
frequency of the inverter and gearbox, respectively. Fig. 16 
presents current waveform at full-load and 18,000 rpm. The 
winding temperatures are measured by three thermistors 
inserted in the winding ends. Measured and calculated results 
for the full load at the speed of 18,000rpm are shown in Table 
IX. At 18,000 rpm, the phase current, line voltage and winding 
temperature measure 235 A, 3140 V and 65oC. The numerical 
and experimental results are also listed in Table IX for 
comparison and all results agree well with numerical 
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calculations. The results show that the prototype motor has 
excellent performance at full load. 
Overall, it can be said that the proposed motor design is 
proven to be effective and developed numerical models are 
reasonably accurate to predict the motor’s electromagnetic 
performance. 
 
   
(a)               (b)                (c)  
Fig. 12. The prototype motor. (a) Stator. (b) Rotor. (c) Shell.  
 
  
(a)                         (b) 
Fig. 13. Experimental test facilities. (a) Experimental test rig for no-load 
motor conditions. (b) Experimental test rig at load motor conditions.  
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Fig. 14. The no-load induced line voltage against speed. 
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Fig. 15. The measured no-load current against speed at run as a motor. 
 
Fig. 16. Waveform of the full-load current at rated speed. 
 
TABLE IX  
RESULTS FOR FULL LOAD AT RATED SPEED 
Item 
Input 
power 
(kW) 
Line 
voltage 
(V) 
Phase 
current 
(A) 
Power 
factor 
Winding 
Temperature 
(oC)  
Measurement 1150 3140 235 0.965 69 
Calculation 1147 3000 224 0.96 65 
VI. CONCLUSION 
This paper has described the design of a high-speed 
permanent magnet motor for compressor applications. The 
study on power losses is carried out by analytical, numerical 
and experimental approaches. The motor parameters including 
pole number, stator slot number, rotor dimension, air gap 
length, PM material, thickness and pole arc are optimized. The 
no-load and full-load performance is investigated by the 2D 
FEM and experiments. The total loss in the HSPMM 
(including iron loss, stator winding loss, rotor eddy current 
loss and air friction loss) have been predicted and measured. 
Test results from simulation and experiments validate the 
effectiveness of the proposed models and prototyped motor. 
The developed techniques are highly relevant to high-power 
high-speed applications such as compressors, pumps, ships 
and traction drives. 
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